Density functional theory (DFT) calculations were performed on a fluorouracil derivative at the B3LYP/6−31+G(d) level. Furthermore, the ONIOM method was performed to investigate the possibility of its confinement inside capped nanotubes. The results found of the structural parameters of the optimized molecule are in good agreement with experimental data. The analysis of thermodynamic properties leads us to predict that the confinement of the studied molecule inside capped nanotubes SWCNT(12,0), SWCNT(14,0), and SWCNT(16,0) is possible. The large values found suggest a good stability for the studied molecule. The predicted nonlinear optical (NLO) properties of the studied molecule are much greater than those of urea. Thereby, it is a good candidate as second-order NLO material. The calculated û values suggest that the studied molecule is more soluble than the 5-FU molecule. The results of quantum molecular descriptors show that the studied molecule is hard electrophile and strongly reactive.
Introduction
Experimental and theoretical studies have been previously done on the molecule uracil and its derivatives [1] , especially the anticarcinogenic drug 5-fluorouracil (5-FU) [2] employed for treating solids tumors, especially those of gastrointestinal tract, brain, breast, pancreas, and liver [3] . One of the 5-FU derivatives recently characterized by X-ray diffraction is the molecule 1-(2-hydroxyethyl)-5-fluorouracil [4] . A good understanding of properties of molecules with therapeutic effects is very crucial, as well as their direct delivery to the right target. The study of interactions between nanostructures and therapeutic molecules is very important for the carrying and targeted delivery of drugs and other biomolecules. Various types of hybrid nanostructures modeled by the interaction of therapeutic molecules or chemical substances with nanometric structures such as phagraphene [5] , fullerenes [6] , and boron nitride nanoparticles [7] have been reported in the literature. These nanostructures can also be very important for applications such as the design of sensor systems [8] and energy storage devices [9] . The carbon nanotube is one of the most popular nanostructures used as nanocarrier on the basis of interactions with chemical compounds.
The confinement of molecules inside carbon nanotubes remains a big challenge. The confinement of therapeutic molecules inside nanotubes is very interesting due to the fact that the nanotube protects the biologically active molecule from degradation, and the hybrid nanostructure formed by the nanotube and the confined molecule can overcome the resistance of mechanical, physicochemical, and enzymatic barriers. Nanotubes can even cross biological barriers [10] , 2 Advances in Condensed Matter Physics thus offering the possibility of using them in gene therapy. Zare et al. [11] have reported a research work on the comparison of drug delivery systems. They have shown that carbon nanotubes deliver the 5-FU molecule better than the p-sulfonatocalix- [4] -arene. Carbon nanotubes have a great potential to carry molecules. Many studies on medical and biomedical applications [12, 13] of carbon nanotubes have been reported in the literature. Robinson et al. [14] have developed a generalized numerical method for generating the atomic coordinates of nanotube caps.
Many computational methods [15] have been developed to investigate the properties of molecules. Density functional theory (DFT) is greatly used in molecular computational study. This computational method reproduces very well the experimental properties of molecules such as geometrical structures, vibrational properties, and nonlinear and electronic properties [16, 17] . Recently, it has been reported that the van der Waals interactions play a major role in the encapsulation of molecules inside carbon nanotubes [18] . The van der Waals interactions can be taken into consideration in the modeling of hybrid nanostructures using the quantum mechanics (QM)/molecular mechanics (MM) calculations, especially the ONIOM method. The ONIOM method [19] has proved to be a powerful tool in combining quantum mechanics and molecular mechanics calculations. Chung et al. [20] have reported a review on the ONIOM method and its applications. In their review, many theoretical investigations using ONIOM methods on the encapsulation of molecules inside carbon nanotubes and other nanostructures have been reported. In particular, Garcia et al. [21] have studied the confinement of -carotene inside carbon nanotubes using an ONIOM method. Ahmadi et al. [22] have studied the adsorption of ammonia molecules inside aluminum nitride nanotubes using an ONIOM method. To experimentally encapsulate a drug into a capped carbon nanotube, the first step is to synthesize the carbon nanotube [23] . As the synthesized nanotubes are usually closed by domes, at least one end must be opened before incorporation of the drug. The opening of the nanotube can be done by chemical oxidation [24] or thermal oxidation [25] . Yudasaka et al. [26] have developed two different methods, called nanoextraction and nanocondensation, to incorporate guest molecules into single-walled carbon nanotubes in liquid phases. Ren et al. [27] have applied the nanoextraction method to incorporate the antitumor agent hexamethylmelamine into carbon nanotubes. Recently, Wu et al. [28] have also used the nanoextraction method to incorporate the antitumor agent oxaliplatin into multiwalled carbon nanotubes. Satishkumar et al. [24] have reported experimental methods for closing carbon nanotubes. They have experimentally shown that uncapped nanotubes can be closed by the reaction at high temperature with benzene vapour in a reducing atmosphere of hydrogen and argon.
To the best of our knowledge, this is the first theoretical study on the molecule 1-(2-hydroxyethyl)-5-fluorouracil published. The aim of this work is to investigate the properties of the molecule 1-(2-hydroxyethyl)-5-fluorouracil in gas phase and aqueous solution. Furthermore, the changes occurring in the molecular geometrical structure and the thermodynamic stability when it is confined inside the hollow space of capped nanotubes SWCNT(12,0), SWCNT (14, 0) , and SWCNT(16,0) by considering mainly the van der Waals interaction have been investigated. This study is performed to predict the encapsulation of this molecule into carbon nanotubes; the long-term objective is to perform a targeted delivery of this molecule in cancer cells following the model proposed by Hilder et al. [29] . In this study, the molecular structure analysis of the studied molecule has been performed in gas phase and aqueous solution by a DFT method and inside the nanotube cavity by an ONIOM(DFT:MM) method. The thermodynamic properties of the studied molecule and the thermodynamic stability study of the optimized hybrid nanostructures have been investigated at different temperatures. The vibrational analysis, the nonlinear and electronic properties, the Gibbs free energy of solvation, and the quantum molecular descriptors of the studied molecule have been investigated in gas phase and aqueous solution.
Computational Methodology
Density functional theory (DFT) was performed for the calculations of properties of the studied molecule in gas phase and aqueous solution, while the ONIOM(DFT:MM) method was performed to study the hybrid nanostructures. The hybrid nanostructures were obtained by the confinement of the studied molecule inside the nanotube cavities. We used capped nanotubes SWCNT(12,0), SWCNT(14,0), and SWCNT(16,0) of 336, 428, and 488 carbon atoms, respectively. The diameters of these nanotubes are 9.402Å, 10.968 A, and 12.536Å. These nanotubes were chosen to point up the diameter range of carbon nanotubes that allow the studied molecule to be confined without any significant molecular geometry alteration. The uncapped nanotubes SWCNT(12,0), SWCNT(14,0), and SWCNT(16,0) have a finite length of 17.39 A, and they have 204, 238, and 272 carbon atoms, respectively. Each cap of these nanotubes was formed with pentagonal defects. The 2D projections of the capped nanotubes are shown in Figure 1 (a). The full geometry optimizations were performed on the studied molecule and the hybrid nanostructures using Gaussian 09 W program [30] . The results of simulations were visualized by GaussView 5 program [31] . We used the functional B3LYP with the 6−31+G(d) basis set to implement DFT calculations. The polarizable continuum model with a conductor solvent model (CPCM) was applied to account for solvation effects. In our calculations, water (dielectric constant ( ) of 78.4) was used as solvating medium. The Gibbs free energy of solvation was calculated by taking the difference between the total electronic energy in water after polarized continuum model (PCM) corrections using the SMD continuum model [32] and the total electronic energy in gas phase.
The inclusion of van der Waals (vdW) interactions [18] for an accurate description of the molecular structure of nanostructures designed by encapsulation of molecule inside the hollow space of nanotube is indispensable. The combination of DFT with the united force field (UFF) has been widely used [33, 34] . The noncovalent interactions were applied during the optimization of the hybrid nanostructures with the ONIOM method by combining the B3LYP/6−31+G(d) level with the united force field (UFF). The stability constant and thermodynamic quantities such as enthalpy, Gibbs free energy, and entropy were computed to analyze the stability of the optimized hybrid nanostructures. The use of localized basis sets reduces the amount of computational work required. However, calculations using finite basis sets are susceptible to basis set superposition errors (BSSEs). The changes of energies in all complexes nanostructures were corrected by calculating the basis set superposition error using the counterpoise method [35] . In this method, the BSSE is calculated using the mixed basis sets, and the error is then subtracted a posteriori from the uncorrected energy. The mixed basis sets are realized by introducing "ghost orbitals" (basis set functions which have no electrons or protons).
Unscaled vibrational properties of the studied molecule were computed in gas phase and aqueous solution. The nonlinear and electronic properties were calculated using the optimized molecular structure. A dipole moment can be induced through the electric polarizability under the influence of an external electric field E. For an intense electric field E i ( ) the total dipole moment can be written as a Taylor series expansion induced by the field:
where 0 is the permanent dipole moment and ij and ijk are the components of the polarizability and first-order hyperpolarizability, respectively. The total dipole moment ( tot ), the mean polarizability ( m ), and the static first-order hyperpolarizability ( m ) are calculated from the Gaussian output by using the equations found in the literature [36] . The total density of states (DOS) of the studied molecule was plotted with the data of molecular orbitals obtained using GaussSum 2.2 program [37] . The difference between the energies of the LUMO and HOMO orbitals corresponds to the energy gap. Furthermore, the HOMO energy (E H ) and LUMO energy (E L ) were used to calculate the quantum molecular descriptors. The ionization potential (IP) and the electron affinity (EA) were derived from the frontier molecular orbital energies using the following relations, respectively, IP = −E H and EA = −E L . The hardness ( ), softness (S), electronegativity ( ), chemical potential ( ), and electrophilicity index ( ) were calculated using the equations reported in the literature [38] .
The molecular electrostatic potential (MEP) is related to the electronic density. It is a very useful descriptor in understanding sites for electrophilic attack, nucleophilic reactions, and intermolecular interactions with other molecular compounds. The molecular electrostatic potential ( ) created at any given point ( , , ) in the vicinity of a molecule by its electrons and nuclei is found by
where Z A is the charge of nucleus A located at R A , (r ) is the electronic density function for the molecule, and r is the dummy integration variable [39] .
Results and Discussion
3.1. Optimized Structure. The optimized geometrical parameters of the studied molecule in gas phase, aqueous solution, and the hollow space of the capped nanotubes SWCNT(12,0), SWCNT(14,0), and SWCNT(16,0) are gathered in Table 1 . The molecular structure of the studied molecule and the optimized hybrid nanostructures are shown in Figures 1(b) and 1(c), respectively. The computed bond lengths of the studied molecule in gas phase and aqueous solution and inside the capped nanotubes change slightly in comparison to experimental values of the crystal structure [4] . The changes of structural parameters of the studied molecule in aqueous solution in comparison to those in gas phase are induced by the dipolar interaction between it and the solvating medium. Inside the nanotube cavity, the van der Waals interactions applied between the confined molecule and the nanotube contribute mainly to the changes of structural parameters of the studied molecule in comparison to those in gas phase. The maximum difference between the theoretical and experimental bond lengths is found at C8−C9 bond. The bond lengths N1−C10, N1−C7, N2−C10, N2−C9, and C8−C9 in the gas phase and aqueous solution and inside nanotubes are close to the experimental values of the studied molecule and slightly lower than the corresponding experimental bonds of the 5-fluorouracil (5-FU) molecule [2] . The bonds O4−C10 and O5−C9 are very close to the experimental values of the studied molecule and slightly greater than the corresponding experimental bonds of the 5-FU molecule [2] . Table 1 , most computed angles are slightly different from experimental ones. In comparison to experimental bond angles, the maximum shifts occur at C10−N1−C11 bond angle in gas phase and at N1−C11−C12 bond angle in aqueous solution and inside nanotubes. The most discrepancy between the studied fluorouracil derivative and the 5-FU molecule occurs at the N2−C9−C8 bond angle. Thus, the replacement of the hydrogen atom in the 5-FU molecule at the position N1 by the 1-(2-hydroxyethyl) fragment induces changes of molecular geometrical parameters of the pyrimidine ring. The dihedral angles N1−C11−C12−06 of the confined molecule are 94.223 ∘ , 52.307 ∘ , and 51.057, and the dihedral angles C11−C12−06−H14 are −54.497 ∘ , 41.838 ∘ , and 35.051 ∘ inside SWCNT(12,0), SWCNT(14,0), and SWCNT(16,0), respectively. Clearly, the structure of the studied molecule can be affected by the confinement into the capped nanotube SWCNT(12,0) because the dihedral angles N1−C11−C12−06 and C11−C12−06−H14 of the isolated molecule are 50.822 ∘ and 37.769 ∘ , respectively. When the studied molecule is confined inside the nanotube SWCNT (14, 0) or SWCNT(16,0), its structural parameters are not evidently affected by the nanotube. The geometries of the confined molecule inside SWCNT(14,0) and SWCNT (16, 0) are very similar to those of the isolated molecule. The confined molecule approximately locates in the middle axis of SWCNT(12,0) and SWCNT(14,0), but it is in the side of SWCNT (16, 0) . We can conclude that any nanotube whose diameter is greater than 10.968Å will have no significant influence on the geometry of the studied molecule. However, nanotubes whose diameter is less than 9.402Å can significantly change or destroy the molecular structure of the confined molecule. The results found for structural parameters of the studied molecule are in good agreement with X-ray crystallographic data [4] .
As illustrated in

Thermodynamic Properties of the Studied Molecule and Thermodynamic Stability Study of the Optimized Hybrid
Nanostructures. The vibrational analysis and statistical thermodynamics were applied to compute the standard thermodynamic properties of the studied molecule. The computed thermodynamic properties, namely, enthalpy (H 0 m ), Gibbs free energy (G 0 m ), and entropy (S 0 m ), are gathered in Supplementary Material S1. Figure 2 shows the changes of H 0 m , G 0 m , and S 0 m with the temperature. As illustrated in Figure 2 , the values of H 0 m and S 0 m increase while the G 0 m values decrease with the increasing of the temperature from 50 to 950 K. These changes occur because the intensities of the molecular vibrations increase with the increasing temperature. The quadratic correlation equations of the studied molecule are given below.
H 0 m = 0.00017T 2 + 0.07498T + 364.19947
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These equations have strong correlations with the computed thermodynamic properties. Thereby, the values of the standard thermodynamic properties H 0 m , G 0 m , and S 0 m of the studied molecule can be predicted at any temperature with these correlation equations and will be helpful for further studies.
The two-layered ONIOM method has been used to study the confinement of the studied molecule inside capped nanotubes SWCNT(12,0), SWCNT(14,0), and SWCNT (16, 0) . In this work, the ONIOM method is implemented by treating the full system at the low level of theory (a molecular mechanics method) and the interesting part of the system at high level of theory (a quantum mechanics method). The enthalpy change, ûH T , and the change of Gibbs free energy, ûG T , for the confinement reaction between the studied molecule and the nanotubes were estimated on the basis of the confinement energy found in the literature [34, 40, 41] . The entropy change was derived from ûH T and ûG T . The enthalpy change ûH T , the entropy change ûS T , the change of Gibbs free energy ûG T and the stability constant log K for the confinement reaction leading to the optimized hybrid nanostructures are reported in Supplementary Material S2. As illustrated in Figure 3 (a), the ûH T values are negative and increase at any temperature from 100 to 900 K. Hence, the formation of optimized hybrid nanostructures is an exothermic process. The thermodynamic quantity ûS T provides information about the order or disorder of optimized hybrid nanostructures. The ûS T values are negative at any temperature from 100 to 900 K. Thus, the formation of optimized hybrid nanostructures is done in an ordered way. However, as illustrated in Figure 3(b) , a reduction of the degree of organization of hybrid nanostructures is done with the increasing temperature because the ûS T values increase. As shown in Figure 3 (c) the ûG T values increase in the range of 100-900 K. In addition, the ûG T values under 900 K are negative (see Supplementary Material S2), which implies that the confinement of the studied molecule inside the hollow space of capped nanotubes SWCNT(12,0), SWCNT(14,0), and SWCNT(16,0) is possible. Thus, the formation process of optimized hybrid nanostructures is spontaneous and thermodynamically favorable for temperatures under 900 K. As shown in Figure 3(d) , the stability constant log K values decrease with the increasing temperature. This implies that the interaction between the confined molecule and each capped nanotube decreases with the increasing temperature. At low temperatures, the interaction between the confined molecule and the nanotube is relatively weak.
According to the thermodynamic properties and the stability constant computed, the confinement of the studied molecule inside capped nanotubes SWCNT(12,0), SWCNT(14,0), and SWCNT(16,0) is possible and the formation of optimized hybrid nanostructures is thermodynamically favorable.
Vibrational Analysis of the Studied Molecule in Gas Phase
and Aqueous Solution. Vibrational results are useful to better characterize the studied molecule. The quantities of interest in vibrational spectra are frequencies and intensities. The PCM model has been extended to vibrational studies [42] . In aqueous solution, the reaction field of water perturbs the molecular potential energy surface (PES) and induces changes of vibrational frequencies. The vibrational frequencies, IR intensities, Raman activities, and assignments of strong vibrational modes of the studied molecule in gas phase and aqueous solution are reported in Table 2 . Most modes are not pure but contain significant contributions of other modes. The IR intensity and Raman activity spectra are shown in Figure 4 .
The solvation of the studied molecule produces greater shifts between the computed values in gas phase and aqueous solution of IR intensities and Raman activities. The maximum IR intensities are 717.354 and 1468.833 Km/mol and are observed in gas phase and aqueous solution at 1762.630 and 1707.784 cm −1 , respectively. Similarly, the maximum Raman activities are 202.427 and 368.806 A 4 /AMU and are observed in gas phase and aqueous solution at 3000.562 and 3031.451 cm −1 , respectively. Identical vibrational modes contribute to the maximum IR intensities and Raman activities in gas phase and aqueous solution but with different intensities. The stretching vibrational mode of the bond C10=O and the bending vibrational mode of angles formed with the N2−H bond in the plane of the pyrimidine ring constitute two contributions to maximum IR intensities of the studied molecule in gas phase and aqueous solution. The symmetric stretching vibrational modes of the −CH2 group at position C12 contribute to maximum Raman activities of the studied 8 Advances in Condensed Matter Physics a: limited to the description of strong vibrational modes of the studied molecule and the reported vibrational modes are those of the studied molecule in gas phase although many descriptions are identical in the two media (in gas and water). b: ], ] s , and ] as , stretching (simple, symmetric, and asymmetric); : in plane bending (simple, scissoring); : out of plane bending (twisting, overtone, wagging, deformation); : rocking. The scaling factor 0.95 is appropriated to compute vibrational frequencies at B3LYP/6−31+G level [43] . The maximum vibrational frequencies found with the scaling factor 0.95 are 3508.701, 3407.109, and 3076.319 cm −1 in gas phase and 3520.678, 3399.041, and 3088.658 cm −1 in aqueous solution, respectively. The maximum vibrational modes of the studied molecule have been observed experimentally at 3520, 3410, and 2994 cm −1 [4] . The O−H stretching vibration usually occurs in the region 3300−3600 cm −1 [44] . The vibrational stretching modes N2−H and C7−H have been experimentally observed in the molecule 5-FU at 2992 and 2815 cm −1 [4] and theoretically observed without scaling factor with the 3P86/6−31G(d,p) level at 3640 and 3258 cm −1 [2] , respectively. In the uracil molecule, the N2−H and C7−H vibrational modes have been experimentally observed at 3160 and 3090 cm −1 [1] and theoretically observed without scaling factor with the B3LYP/6−311++G(d,p) basis at 3597 and 3244 cm −1 [1] , respectively. Thereby, with the scaling factor 0.95, the computed vibrational frequencies at B3LYP/6−31+G(d) are in good agreement with the experimental IR frequencies values [4] .
Nonlinear and Electronic Properties, Gibbs Free Energy of Solvation, and Quantum Molecular Descriptors of the Studied
Molecule. The nonlinear optical (NLO) properties of organic molecules are extensively investigated with density functionals [45] . The values of the computed NLO properties are gathered in Table 3 . The following relations have been used to convert the mean polarizability ( m ) and the static first-order on the basis of the static first-order hyperpolarizability. The m value of urea computed at the B3LYP/6−31+G(d) level is 0.526 × 10 −30 cm 5 /esu. This value is slightly lower than the value reported in the literature at B3LYP/6−31++G(d,p) level ( m = 0.770×10 −30 cm 5 /esu) [48] . The m value of the studied molecule is 1.487 × 10 −30 cm 5 /esu, which is theoretically 2.82 times greater than that of urea at B3LYP/6−31+G(d) level. These results show that the studied molecule is a good candidate as second-order NLO material.
The analysis of electronic properties of organic molecules is usually related to frontier orbitals [17] . The HOMO and LUMO orbitals and the density of states (DOS) plot of the studied molecule are shown in Figures 5 and 6 . The LUMO orbital is mainly localized on the pyrimidine ring, while the HOMO orbital is localized on the whole molecule. The HOMO and LUMO values are −7.122 eV and −1.955 eV in gas phase and −6.947 eV and −1.782 eV in aqueous solution. The solvation modifies slightly the band structure of the studied molecule. The results of the energy gap (E g ) gathered in Table 3 show that the solvation decreases slightly the E g value when the studied molecule is moved from the gas phase to aqueous solution. The large E g values found refer to high excitation energies for many excited states and suggest a good stability for the studied therapeutic molecule.
Pienko et al. [49] have reported in the literature that the solubility is a crucial parameter for bioavailability prediction of therapeutic molecule. The Gibbs free energy of solvation (ûG sol ) is a physicochemical parameter related to the solubility, which can be derived from quantum mechanical calculations. From thermodynamic consideration, negative values of ûG sol mean that the process of solvation is spontaneous. The more negative the ûG sol value, the higher the degree of solubility. The computed ûG sol value of the studied molecule is −18.524 Kcal/mol. Therefore, the dissolution in water of the studied molecule is spontaneous. The computed ûG sol value of the 5-FU molecule is −15.950 Kcal/mol with the CPCM/B3LYP/6−31+G(d) method. This shows that the studied molecule is more soluble than the 5-FU molecule. The increase in the degree of solubility in water of the studied molecule in comparison to 5-FU molecule is probably induced by the presence of the 1-(2-hydroxyethyl) fragment. Recently, Zafar et al. [50] have estimated the range of Gibbs free energy of solvation in drug design; they have reported that the ûG sol value of quality drug candidates should be less than −12 Kcal/mol. the ûG sol value of the studied molecule is much less than −12 Kcal/mol. Therefore, the studied molecule is a promising quality drug candidate. Table 4 shows the calculated quantum molecular descriptors of the studied molecule in gas phase and aqueous solution. When the studied molecule is moved from the gas phase to aqueous solution, the values of EA, IP, , , , and decrease.
The computed values of the electron affinity (EA) and the ionization potential (IP) of the 5-FU molecule are 1.955 and 7.276 eV with the B3LYP/6−31+G(d) method, respectively. The IP value of the studied molecule decreases in comparison to that of the 5-FU molecule. However, the EA value does not change because the LUMO orbital, which is directly related to the electron affinity, is localized on the pyrimidine ring. Furthermore, the values of and of the 5-FU molecule are 4.615 and −4.615 eV, respectively. These results show that the reactivity of the studied molecule is improved because its IP value decreases, while its value increases in comparison to those of the 5-FU molecule. The harness of a molecule refers to its resistance toward deformation in presence of an electric field. Usually, a soft molecule has a small energy gap, while a hard molecule has a large energy gap. The studied molecule is hard because its harness is greater than its softness. This result is in agreement with the large energy gap found. The computed values of and S of the 5-FU molecule are 2.660 eV and 0.375 eV −1 with the B3LYP/6−31+G(d) method, respectively. The comparison of the harness and softness of the studied molecule with those of the 5-FU molecule indicates that the studied molecule is more soft and less hard than the 5-FU molecule. Schwöbel et al. [51] have reported a review of experimental and theoretical methods of measurement and estimation of electrophilic reactivity. It appears that the electrophilicity index is a good descriptor to measure the electrophilic reactivity of chemical compounds. Parthasarathi et al. [52] have reported in the literature a study on the biological activity prediction with the electrophilicity index. Their results show that the biological activity of chemical compounds may be effectively described with the electrophilicity index. Furthermore, Roy et al. [53] Advances in Condensed Matter Physics have reported research work on the toxicity prediction with the electrophilicity. They showed that the electrophilicity is a promising descriptor for toxicological prediction considering the case of aliphatic compounds. The value of the studied molecule varies very slightly in comparison to 5-FU molecule ( = 4.003 eV with the B3LYP/6−31+G(d) method). This molecule is hard electrophile.
The sites for nucleophilic and electrophilic reactions have been determined with the molecular electrostatic potential (MEP). Figure 7 shows the total electron density surface mapped with electrostatic potential of the studied molecule. Potential increases in the order red < orange < yellow < green < blue. Atoms localized in the red regions are negative potential sites and participate in electrophilic reactions, while atoms localized in the blue regions are positive potential sites and participate in nucleophilic reactions. The V(r) values near the atoms O5, O6, O4, and F of the studied molecule are −0.052, −0.041, −0.033, and −0.022 au, respectively. These sites are the most negative potential sites and are involved in electrophilic reactions. The most positive potential sites are localized near the C7−H and N2−H bonds. The V(r) values near the C7−H and N2−H bonds are 0.055 and 0.052 au, respectively. These sites are involved in nucleophilic reactions. These results provide information of sites where the studied molecule can have intermolecular interactions with other compounds (as a nanotube during the confinement process and water during the solvation process) and covalent bonding with toxic proteins in the inhibition process of their activities.
Conclusions
Density functional theory calculations have been performed on the molecule 1-(2-hydroxyethyl)-5-fluorouracil in gas phase and aqueous solution, and the ONIOM method has been performed to investigate the possibility of its confinement inside capped carbon nanotubes SWCNT(12,0), SWCNT(14,0), and SWCNT(16,0). The results found for structural parameters of the studied molecule are in good agreement with the X-ray crystallographic data. The solvation and the confinement inside nanotubes of the studied molecule change slightly its molecular geometrical parameters. Correlation equations have been obtained to predict the standard thermodynamics properties H 0 m , G 0 m , and S 0 m of the studied molecule at any temperatures. The analysis of the thermodynamic properties û , û , and û and the stability constant log leads to the prediction that the confinement of the studied molecule inside these nanotubes is possible and the formation of optimized hybrid nanostructures is thermodynamically favorable. Vibrational analysis has been performed to better characterize the optimized molecule in gas phase and aqueous solution. The solvation of the studied molecule produces greater shifts between the computed values in gas phase and aqueous solution of IR intensities and Raman activities. The predicted nonlinear properties of the studied molecule are much greater than those of urea. The studied molecule is a good candidate as second-order NLO material. The large E g values found suggest a good stability for the studied molecule. The calculated û values suggest that the studied molecule is more soluble than the 5-FU molecule. Frontier molecular orbital (FMO) energies have been employed to study the quantum molecular descriptors according to Koopmans theorem. The solvation decreases the values of EA, IP, , , , and . The results of EA and IP show that the studied molecule has the same tendency to accept electrons as the 5-FU molecule from a donor and its reactivity is higher than that of the 5-FU molecule. The value of this fluorouracil derivative confirms that its reactivity is improved in comparison to that of the 5-FU molecule. The studied molecule is more soft and less hard than the 5-FU molecule. The value of the studied molecule changes very slightly in comparison to that of the 5-FU molecule. We hope that these results will be helpful for other researches on new organic materials, drugs, and hybrid nanostructures.
